Adenoviruses (Ads) are nonenveloped viruses with a double-stranded DNA genome ranging in size from 29 to 45 kb. All human Ads have the potential to induce acute and persistent infections and are generally associated with mild pathogenesis. However, Ads can also induce severe symptoms or even life-threatening diseases, particularly in immunocompromised patients (29) . To date, 51 different human serotypes have been described; these serotypes are classified into the six species A to F (57) . Members of species B, C, and E usually cause respiratory infections, those of species A and F are associated with infections of the gastrointestinal tract, and those of species D, harboring the vast majority of serotypes (32) , show a tropism for the eye. Three serotypes of this species (Ad8, Ad19a, and Ad37) cause a distinct eye disease called epidemic keratoconjunctivitis (EKC). Interestingly, a prominent subset of species D was isolated from AIDS patients previously (17) .
Ads of species C, in particular, the best-characterized serotypes Ad5 and Ad2, have played a crucial role in the discovery and characterization of many important molecular processes, e.g., splicing, replication, and tumor suppression (52, 57) . More recently, these viruses have emerged as extremely useful models for the study of the interaction of viruses with the host immune system, unraveling many viral immunomodulatory functions that appear to contribute to immune evasion and persistence (10, 37, 41, 71) . Moreover, the species C Ad Ad5 has gained widespread use as a vector for gene therapy and vaccination (16, 30, 32, 52, 63) .
In the past few years there has been growing interest in studying Ads from species other than C. The reasons are severalfold. First, the tissue tropism and receptor usage of the various species differ significantly. While species C Ads primarily utilize the coxsackievirus and adenovirus receptor (CAR) as an attachment receptor (4, 51) , most species B Ads use CD46 (23, 39, 60) and some possibly use CD80/86 (59; for an up-to-date review, see reference 73). For species D, the identity of the primary attachment receptor remains controversial. Initial evidence suggested that fibers of species D Ads can bind to CAR (51); however, subsequent studies clearly showed that infection by members of this species does not rely on CAR. Some authors have suggested CD46 as primary receptor for the EKC-causing Ad37 (72, 73) , whereas others provided strong evidence for ␣(2-3)-linked sialic acid as a ligand for attachment of EKC-causing Ads (2, 3, 12, 64) . Secondly, the composition of genes in the immunomodulatory E3 region differs remarkably between Ad species (10, 11) . Thus, it is likely that species-specific E3 genes, together with the differential receptor usages, contribute to the distinct pathogenesis and disease association of the different species (8, 11, 36, 70) . Thirdly, it became apparent that Ad5-based gene therapy vectors have significant limitations. Efficient Ad5 transduction requires CAR, and some normal tissues and advanced tumor cells, e.g., hematopoietic cells such as dendritic cells (DCs) (34, 35) , exhibit low CAR expression or lack CAR altogether. DCs are key antigen-presenting cells and are exploited for immunotherapy and vaccination (55) . Moreover, preexisting immunity, with ϳ80% of the human population being seropositive for Ad5, considerably limits the efficacy of Ad5 vector treatments (63, 66) . Therefore, exploitation of the natural diversity of Ads may help to overcome some of the obstacles faced in gene therapy and vaccination.
Investigation and exploitation of Ads other than species C was hampered at least in part by the lack of convenient cloning and mutagenesis systems. Traditionally, two approaches have been used to generate recombinant Ads. In both cases, genetic changes are introduced into a subcloned fragment of the Ad genome. Subsequently, this modified fragment is introduced into the Ad genome by in vitro ligation to restriction endonuclease-digested virus DNA or by homologous recombination between the modified fragments and digested viral DNAs in permissive host cells (5) . Alternatively, homologous recombination between cotransfected plasmids carrying overlapping and complementary parts of the Ad genome was used to generate recombinant species C Ads (6) . These methods are limited by the low efficiency of virus reconstitution and by the need for plaque purification of the recombinant viruses, since wild-type (wt) progenies are frequently generated during virus reconstitution (16, 45) .
To overcome the problems associated with homologous recombination in permissive cells and to improve the efficiency of genetic manipulation, full-length genomes of species C Ads have been cloned in Saccharomyces cerevisiae (33) and Escherichia coli (13) , allowing mutagenesis under noncomplementing conditions. However, these approaches require subcloning of the modified DNA fragment in special shuttle plasmids, which is labor intensive (13, 15, 26, 33, 42) . In addition, most of these mutagenesis procedures are greatly restricted by the limited availability of appropriate restriction sites close to the targeted sequence (13, 33) or by the requirement for a specific host for genetic manipulation (13, 15, 26, 33) . A range of methods exists for generating Ad2 and Ad5 vectors containing expression cassettes (see references 1, 16, 45 , and 47 and references therein). Genetic manipulation of these vectors is relatively fast and simple but is restricted to a defined, predetermined site. Recombinant Ads based on other human serotypes (e.g., Ad4, Ad7, or Ad35) or animal Ads have been generated by traditional homologous recombination (40) in cells or in E. coli or by classical cloning techniques (21, 22, 31, 48, 62, 66) . However, fast, generally applicable, and efficient methods for cloning and precise manipulation of Ad genomes for detailed studies of the various functional activities of different Ad species or for exploration of their potential as vectors are not yet available.
Recently, a novel recombination system, called ET recombination, has been exploited for genetic engineering of recombinant DNA in E. coli (46, 74) . ET recombination uses phage-derived recombination proteins that mediate effective recombination of linear DNA fragments into the target sequences, requiring only very short (usually 35-to 50-bp) homologous sequences. This allows the introduction of virtually any selectable mutation in a single step. Likewise, large genomic fragments can be cloned by ET recombination into a PCRderived linear vector carrying short homology arms (75) . However, in the latter case, degradation of linear DNA in E. coli must be prevented, and short terminal repeats within the homology arms of the vector may lead to a substantial background due to a high frequency of vector circularization (75) . Mutations generated by PCR or even fully synthetic DNA can be introduced by ET recombination, which, unlike other methods based on homologous recombination, does not require special E. coli strains.
Here we demonstrate that ET recombination can be successfully applied to construct recombinant Ads. To ensure correct recombinatorial construction, purified Ad19a DNA was marked prior to ET recombination with an antibiotic resistance gene using a transposon 7 (Tn7)-derived in vitro transposition system (7). Convenient and complete removal of the selection marker makes the resulting recombinant Ad genomebacterial artificial chromosome (BAC) ready for reverse genetic approaches. In addition, we report on a novel, two-step mutagenesis technique in which the mutation coupled with the Tn7-derived selection marker is first introduced by ET recombination. Subsequently, the operational sequences are completely removed by a simple transposase cleavage-ligase reaction in vitro. The potency of these methodologies is demonstrated by introducing deletions, insertions, and point mutations in a recombinant Ad19a genome. Moreover, a novel Ad19a-derived first-generation gene therapy vector was established that seems to have an interesting tropism for lymphoid cells.
MATERIALS AND METHODS
Cell lines, viruses, and preparation of viral genomic DNA. The human epithelial lung carcinoma cell line A549 (ATCC CCL-185) and the Ad5-transformed human epithelial kidney cell line 293 (ATCC CRL-1573) were cultured in Dulbecco's minimal essential medium supplemented with 10% fetal calf serum (FCS), penicillin (100 U/ml), streptomycin (100 g/ml), and 2 mM glutamine (27) . Jurkat E6-1 (ATCC TIB-152), LCL, and T2 (ATCC CRL-1992) cells were maintained in RPMI medium supplemented with 10% FCS and antibiotics. The ME strain of Ad19a (67), a kind gift of G. Wadell (Department of Virology, Umea University, Sweden), was plaque purified and amplified by infecting subconfluent A549 cells at 1 to 3 PFU/cell. We refer to the plaque-purified stock of the ME strain as Ad19aT3 in this report. Virus stocks were prepared using standard protocols (44) . The human Ad5-derived E1-and E3-deleted green fluorescent protein (GFP)-expressing vector Ad5GFP was purchased from Qbiogene. Like the Ad19aGFP vector described in this report, Ad5GFP expresses enhanced GFP under the control of the cytomegalovirus (CMV) promoterenhancer in the deleted E1 region. In addition, both vectors have large deletions within the E3 region; Ad19aGFP lacks 4.5 kb and Ad5GFP lacks 1.88 kb, preventing expression of all E3 genes and of all except E3/12.5K, respectively.
For preparation of genomic Ad19a DNA, A549 cells were infected at a multiplicity of infection of 1 to 3. After the cytopathic effect was complete, the infected cells were washed once in phosphate-buffered saline (PBS), scraped from the plates, and resuspended in PBS. Cells (ϳ4 ϫ 10 6 cells/ml) were lysed by adding an equal volume of TST buffer (2% Triton X-100, 400 mM NaCl, 20 mM Tris-HCl, pH 8.0) to the cell suspension followed by incubation on ice for 30 min. Cell debris were removed by centrifugation at 14,000 ϫ g for 10 min at 4°C, and the supernatant was treated with 50 g/ml proteinase K (Roche) in the presence of 0.5% sodium dodecyl sulfate for 60 min at 56°C. After extraction of the nucleic acids by phenol-chloroform and ethanol precipitation, the extract was treated with RNase A (Sigma). RNA-free viral DNA was again phenol-chloroform extracted and precipitated with ethanol.
Tn labeling of viral DNA and recombinatorial cloning of the wt Ad19a genome. The BAC entry vector was generated by direct cloning of an assembled PCR product consisting of the two Ad19a inverted terminal repeats (ITRs) linked by a short unique E4 sequence. The left and right Ad19a ITRs were amplified by PCR using oligonucleotides 19aITR-PacI and 19aLrev and 19aRfor, respectively (for primer sequences, see Table S1 in the supplemental material). To amplify the left end of the genome, the forward primer specific to the terminal virus sequence was flanked by a 5Ј PacI site (19aITR-PacI) and the reverse primer specific to the 3Ј end of the ITR (19aLrev) was tagged with a short sequence homologous to 19aRfor. For amplification of the right Ad19a end, the same terminal primer (19aITR-PacI) and a primer specific to a conserved E4 sequence (19aRfor) were used. The products of the "left" and "right" PCRs were combined and reamplified by use of the terminal primer 19aITR-PacI. The BAC entry vector p19aLR was generated by inserting the assembled PCR products into the PacI site of the pKSO BAC vector (43) .
pGPS1.1 (New England Biolabs [NEB]) containing a mini-Tn cassette (Transprimer-1) was used as Tn donor in the Tn-assisted cloning experiments. Purified viral DNA (200 or 300 ng) was labeled with Transprimer-1 in vitro by use of TnsABC* according to the Genome Priming System (GPS) protocol (New England Biolabs). Recombination-proficient electrocompetent E. coli DH10B (Invitrogen) carrying p19aLR and pBAD␣␤␥ (74, 75) was prepared as described previously (68) and subsequently transformed with Tn-labeled Ad19a DNA by use of a Bio-Rad GenePulser with the following settings: 2,500 V, 200 ⍀, and 25 F. Upon induction with 0.1% L-arabinose (46, 74) , the transformants were incubated for 2 h at 37°C in LB medium and plated onto LB agar plates containing 25 g/ml chloramphenicol (Cm) and 20 g/ml kanamycin (Kn). Doubly resistant colonies were isolated, boiled, and screened by PCR using primers specific to the Ad hexon to identify BACs containing Ad19a DNA. To roughly locate the Tn insertion site, recombinant BACs were analyzed by restriction digestion.
ET recombination. Synthetic oligonucleotide primers used for the generation of the ET recombination fragments were designed as follows. At the 5Ј ends all primers carried 40-nucleotide up-or downstream homology arms for ET recombination. These 40 nucleotides were Ad sequences in the vicinity of the location in which the desired mutation should occur. At their 3Ј end, all ET primers contained the priming sequences complementary to either the left end (5Ј-TGT GGG CGG ACA AAA TAG TTG G-3Ј) or right end (5Ј-TGT GGG CGG ACA ATA AAG TCT TAA ACT GAA-3Ј) of the Transprimer-1 cassette of pGPS1.1. Depending on the application, different insertion sequences (e.g., three-nucleotide direct repeats) were included between the homology arms and the Tn priming regions (for the sequences of the primers used in this study, see Table S1 in the supplemental material). The linear recombination fragments were amplified by use of an Expand High Fidelity PCR system (Roche) and 2 ng pGPS1.1 as the template. The PCR and the ET recombination procedure were performed as described previously (68) . Briefly, PCR products were purified with a PCR purification kit (QIAGEN). For ET recombination, arabinose-induced electrocompetent E. coli DH10B cells carrying the target BACs and pBAD-␣␤␥ (46) were transformed with 300-to 400-ng purified recombination fragment. After 1.5 h growth in 1 ml LB medium at 37°C the transformants were plated on LB agar plates containing 25 g/ml Cm and 20 g/ml Kn.
Transposon excision and exposon mutagenesis. Purified Tn-containing BACs (140 ng) were treated with 1 l TnsABC* (NEB) in 1ϫ GPS buffer (250 mM Tris-HCl [pH 8 .0], 20 mM dithiothreitol, 20 mM ATP) in the presence of 90 ng of temperature-sensitive plasmid pST76T (50) , which serves as a dead-end target. After 10 min incubation at 37°C, a 1/20 vol of 0.3 M MgCl 2 was added to initiate Tn end cleavage. Following 60 min incubation at 37°C the reaction was stopped by heat treatment (15 min, 75°C). A total of 400 cohesive end units of T4 ligase were added, and the reaction mixture was incubated overnight at 16°C for recircularization. After heat inactivation of the T4 ligase, the reaction mixture was phenol-chloroform extracted and the BAC DNA was ethanol precipitated. Electrocompetent E. coli DH10B or pUC19RP12-transformed DH10B (49) expressing meganuclease I-SceI was transformed with the purified DNA. The transformants were incubated at 37°C in LB medium and plated on LB agar plates containing 25 g/ml of chloramphenicol. BACs prepared from isolated colonies according to the standard alkaline lysis procedure were analyzed by restriction digestions.
In the insertion reaction of "exposon mutagenesis," 200 ng of purified SapItreated PCR amplified inserts was added to the heat-inactivated TnsABC* reaction prior to T4 ligase treatment. Subsequent treatments were as described above. For construction of the E3-deleted, E3/49K-expressing recombinant virus Ad19a⌬E3ϩ49K, the E3/49K open reading frame (ORF), including the 5Ј simian virus 40 (SV40)-derived intron sequence of pSG5, was amplified by PCR using Sap49Kfor and Sap49Krev primers and pSG5-E3/49K (70) as the template. The GFP-expressing Ad19a vector was generated in two steps. First, the GFP ORF of pEGFP-N2 (BD Clontech) was cloned into the pBK-CMV expression vector (Stratagene). Subsequently, the GFP transcription unit was amplified with SapGFPfor and SapGFPrev primers (see Table S1 in the supplemental material) and inserted in the E1-and E3-deleted Ad19a genome via ET recombination.
Reconstitution of recombinant viruses. Recombinant viruses were reconstituted by transfection of approximately 50% confluent 293 cell culture dishes (6 cm) with PacI-linearized Ad19a-BACs by use of a standard calcium phosphate precipitation method (54) . Cells were incubated with the transfection mixture overnight and split 48 h posttransfection onto 10 cm dishes. After development of a complete cytopathic effect, the recombinant viruses containing supernatants were further amplified either on A549 cells (E3 mutants) or 293 cells (E1 mutants). Recombinant virus stocks were prepared by standard protocols (44) .
Flow cytometry. Fluorescence-activated cell sorting (FACS) was carried out essentially as described previously (20, 56) except that 3 to 5 ϫ 10 5 cells/sample were used. Adherent cells (A549) were washed once with PBS and detached with trypsin-EDTA or EDTA alone. DCs were either floating or detached from the plate by vigorous pipetting. Cells were resuspended in Dulbecco's minimal essential medium containing 10% FCS, centrifuged (300 ϫ g, 5 min), and washed in PBS before they were fixed with formaldehyde (CellFIX; BD Biosciences). After quenching with NH 4 Cl and further washes in PBS, cells were resuspended in ice-cold FACS buffer (FB; PBS, 2.5% FCS, 0.07% sodium azide) or FB supplemented with 0.1% saponin (FBϩSAP; Calbiochem). FBϩSAP was used for detection of intracellular antigens such as the Ad capsid antigen hexon. Monoclonal antibody (MAb) 2Hx-2 (ATCC HB-8117) against hexon (ϳ1 g purified or undiluted hybridoma supernatant supplemented with 0.1% saponin) was added. To detect E3/49K on the cell surface of infected cells, a rat MAb generated by immunization with recombinant Ad19a E3/49K (M. Windheim, E. Kremmer, and H.-G. Burgert, unpublished data) was used in the absence of saponin. Fas expression was monitored with MAb B-G27 (Chemicon) as described previously (27) . After incubation for 45 min at 4°C, cells were washed three times with FB or FBϩSAP followed by incubation with fluorescein isothiocyanate-labeled goat anti-mouse antibodies (Sigma) or phycoerythrin-coupled goat anti-rat antibodies (Dianova). After 45 min incubation at 4°C in the dark, cells were washed three more times with FB or FBϩSAP. Culture of human DCs. DCs were derived from buffy coats (Red Cross blood bank, Munich) by use of standard methods. Briefly, peripheral blood mononuclear cells were isolated by sedimentation by the Ficoll-Hypaque technique and plated in RPMI medium supplemented with 5% human serum and antibiotics. After 1 h adsorption, the floating cells were removed and the adherent cells were incubated for 6 or 7 days with granulocyte-macrophage colony-stimulating factor (GM-CSF) (Sando) (100 IU/ml) and IL-4 (1,000 U/ml). At day 7, most cells were nonadherent, immature DCs (CD14 Ϫ , CD1 ϩ , CD86 ϩ ). For infection, cells were washed in OptiMEM (Invitrogen) and transferred into OptiMEM. After 1 h, Ad19a or Ad2 (5 to 50 PFU/cell) was added to the cells and incubated for 1 h. Then the medium was removed and replaced by RPMI 1640, 10% heat-inactivated FCS, GM-CSF (Sando) (100 IU/ml or 50 ng/ml), and IL-4 (1,000 U/ml). In parallel, A549 cells or the primary fibroblasts SeBu (20) were infected with the same PFU/cell ratio of virus. Thirty-eight to 44 h later the cells were processed for FACS analysis.
RESULTS
Cloning of the Ad19a genome as BAC. We have screened various serotypes from different Ad species for their infection efficiency of DCs and have identified serotype Ad19a as being particularly efficient for DC infection. Monocyte-derived DCs were infected with Ad19a and, as a control, with the standard species C Ad, Ad2. At 44 h postinfection (pi) the extent of infection was quantitatively assessed by FACS analysis monitoring Ad hexon expression. While Ͼ70% of Ad19a-infected cells stained positive for hexon, less than 10% were infected by Ad2. However, the two viruses infect the lung epithelial cell line A549 with similar efficiencies (Fig. 1) . This is to be expected, as the viruses were titrated on A549 cells. Thus, the two viruses are similarly effective for infection of lung epithelial cells or primary fibroblasts (data not shown) whereas they differ dramatically in their efficiency of infection of DCs. As the DCs lacked CAR (data not shown), efficient DC infection by Ad19a is CAR independent. This promising feature of Ad19a might thus be exploited to design an alternative vector for efficient transduction of DCs and other CAR-negative cells.
Another aspect that makes Ad19a particular interesting is its specific disease association. Therefore, we decided to clone the Ad19a genome. Our initial attempts to clone subgenomic fragments of Ad19a into conventional cloning vectors revealed that the HindIII B fragment containing the E3 region ( Fig. 2A) is unstable in E. coli. However, we were able to maintain this fragment in a BAC vector (data not shown). This prompted us to utilize the BAC vector also for cloning of the full-length Ad19a genome. Rather than using the previously introduced RecABCD recombination system of E. coli (13), we used the ET recombination system (74, 75) for construction of recombinant Ad genomes. The rationale was that ET recombination, in contrast to RecABCD (69), requires only very short homologous sequences (35 to 50 bp). As the Ad19a genome had not been sequenced and even subgenomic fragments were unstable in E. coli, the ET system seemed to be particularly suitable. The entry vector pB19aLR was constructed by inserting the PCR-amplified Ad19a ITRs, separated by a short spacer of viral E4 sequence, into the BAC vector pKSO (43) . Two PacI sites were introduced at each vector-ITR boundary, enabling subsequent release of the linear Ad genome for virus reconstitution. E. coli DH10B was cotransformed with the pB19aLR entry vector and the plasmid pBAD␣␤␥ encoding the recombination genes red␣, red␤, and gam of phage (75) . Following the procedure for introducing markerless PCR-derived linear DNA fragments by ET recombination (74), we initially used linear Ad19a DNA and a counter-selectable Ad19a ITR-containing entry vector but failed to obtain recombinants containing genomic Ad19a DNA. Even recombination with the more stable Ad2 genome was extremely inefficient (1 recombinant out of 400 clones screened; data not shown). To overcome this problem we established a system that allows the positive selection of recombinant Ad19a genomes. Genomic Ad19a DNA prepared from infected cells was labeled in vitro using Transprimer-1 and the purified gain-of-function mutant transposase complex TnsABC* (NEB). Transprimer-1 is a Tn7-derived mobile DNA element that carries the Kn resistance gene flanked by I-CeuI and I-SceI meganuclease recognition sites and is contained in the Tn donor plasmid pGPS1.1 (NEB). Originally, the Transprimer-1 system was developed for sequencing larger segments of DNA (7), but it can also be successfully utilized to randomly label linear genomic DNA (25) . When recombination-competent bacteria carrying the pB19aLR ITR entry plasmid together with pBAD␣␤␥ were transformed with the Tn-labeled Ad19a genomes, recombinant BACs could be positively selected by using Cm that selects for the vector and Kn selecting for the labeled Ad genome (Fig.  2B) . Using 200 to 300 ng of labeled Ad19a genome we reproducibly obtained 15 to 22 doubly resistant colonies, of which 50% were positive for Ad DNA, as analyzed by Ad hexonspecific PCR (data not shown). Thus, labeling of the linear Ad19a genome with a positive selection marker appeared to be essential for its successful cloning.
BACs containing the hexon gene were isolated and digested with HindIII. We focused on clones containing the Tn insertion in the HindIII B fragment ( Fig. 2A) , because a large part of it represents the E3 region that is dispensable for Ad growth in cell culture. Consequently, clones with Tn insertions in the E3 region should yield infectious virus upon transfection of 293 cells. HindIII digestion of BAC DNA from four independent clones indicated that three of them (B19aT13, B19aT51, and B19aT50) indeed had Tn insertions in the HindIII B fragment, since the typical 7.8-kb HindIII B fragment was missing and instead two smaller fragments were visible (Fig. 2C, lanes 2 to  4) . The appearance of these new fragments can be explained by the presence of a known HindIII site approximately in the middle of the introduced Tn. In B19aT23 the Tn-marked fragment migrates slightly slower than the original HindIII B fragment, indicating that the Tn had inserted close to one of the ends of the original fragment. When the four BAC clones were linearized by PacI and transfected into 293 cells, the three clones with two HindIII B-derived fragments (B19aT13, B19aT50, and B19aT51) resulted in viable progeny. Sequencing of the Tn insertion sites of the viable clones revealed that B19aT51 has the Tn insertion at the end of the E3/19K ORF. A comparison of the HindIII restriction patterns of viral DNA derived from reconstituted Ad19aT51 and wt Ad19a showed no difference except that the normal 7.8-kb HindIII B frag- ment was replaced by two smaller fragments that are identical in size to those seen after digestion of the B19aT51-BAC (Fig.  2C , lanes 4 to 6). This suggests that the Tn-containing fragment is stable and faithfully replicated along with the viral genomic DNA.
Removal of the Tn allows reconstitution of the cloned Ad19a genome. To apply the BAC technology to the analysis of Ad19a biology, the transposon has to be removed and the wt genome has to be reconstituted. One possibility is to replace the Tncontaining DNA fragment by use of the corresponding frag- ment from wt Ad DNA and traditional cloning techniques. We followed this strategy initially and reconstructed the wt Ad19a genome by partial digestion with AvrII and subsequent insertion of the corresponding Ad19a AvrII fragment (data not shown). However, this method is not generally applicable and requires exact mapping with the restriction enzymes to be used and therefore is laborious. To make the Tn-removal step independent of any further mapping work the nuclease activity of the TnsABC* complex was exploited. Upon insertion of the Tn by use of the Tn7 transposase the inserted Tn was flanked by 5-bp target repeats (12345 in Fig. 3A) 12345 the five nucleotides in the Ad genome directly flanking the Tn insertion site. TnsABC* cleaved one strand of the double-stranded donor DNA exactly at the 3Ј ends of the Tn and the other strand 3 bp apart within the target duplications, creating 3-base 5Ј overhangs within the target duplications (345 in Fig. 3B) (14) . Thus, the wt donor sequence is not restored after transposase excision and simple end joining, since the resulting ends are usually not compatible and the cleavage removes only 3 bp of the 5-bp duplications, leaving a residual 2-bp insertion (14) .
To overcome this problem we first removed the Kn cassette from the Tn in B19aT51, one of the BACs with the Tn in the E3/19K gene, by double digestion with the meganucleases ICeuI and I-SceI. Subsequent blunting and religation resulted in an intermediate BAC clone that retained the Tn ends but not the selectable marker (Fig. 3A, B19aT51⌬Kn) . A new ET recombination fragment was generated by PCR using the Tn donor plasmid as the template and primers specific to the ends of the Tn flanked by homologies to the viral target sequences up-and downstream of the Tn insertion site. The upstream insertion site was left intact, but the first 2 bp of the downstream target duplication were deleted by primer design (Fig.  3A) . ET recombination between the redesigned Tn-positive recombination fragment and B19aT51⌬Kn as the target should yield BAC B19aT51T, with only 3-bp target repeats at either end of the Tn. Subsequent treatment of B19aT51T with TnsABC* in vitro removes the Tn sequences, creating nowcompatible 3-nucleotide 5Ј overhangs (345 in Fig. 3B ) at both ends of the BAC. These represent the last 3 bp of the original target repeats (Fig. 3B) . TnsABC* cleaves the donor site only in the presence of target DNA. Therefore, to provide nonimmune target sites for the excising Tn to transpose into, a plasmid with a temperature-sensitive origin of replication was included in the cleavage reaction. This dead-end plasmid was lost, since it is not replicated at 37°C. After simple ligation, the released BAC ends were joined and the wt sequence was restored ( Fig. 3B; B19a) . As TnsABC* cleavage and ligation are not 100% efficient, the reaction mixture was transformed into E. coli DH10B carrying an I-SceI expression plasmid (49), thereby selecting against Tn-positive BACs which contain an I-SceI site. Pretesting the resulting colonies for Kn sensitivity identified those that had lost the Tn, since removal of the Tn is accompanied by a loss of the Kn resistance gene. To remove the I-SceI expression plasmid, E. coli DH10B was retransformed with the BAC DNA preparation from the Kn-sensitive colonies. Restoration of the wt sequence can be confirmed by restriction analysis (Fig. 3C ) and sequencing. Restriction digests of BAC intermediates confirmed the success of the individual manipulations. The presence of the Tn within the E3 region in B19aT51 is indicated by an additional XhoI site within the E3 region, producing two fragments of 4.4 and 3.5 kb (Fig. 3C, lane 1) . Cleavage and ligation removes the Tn, along with the XhoI site, yielding only one XhoI fragment of ϳ7 kb (Fig. 3C, lane 2, asterisk) . Insertion of the modified PCR-derived Tn oriented in the opposite direction reintroduces the XhoI site. Hence, after XhoI digestion of B19aT51T two Tn-containing fragments are generated (Fig. 3C, lane 3) that differ in size from those seen in B19aT51 due to the altered orientation of the Tn. Also, comparison of the HindIII patterns of B19aT51T (lane 5) and B19a (lane 6) clearly indicates the removal of the Tn sequence from fragment B after TnsABC* and ligase treatment. The Tn-encoded HindIII site resulting in the two Tn-containing fragments of B19aT51T is lost in B19a, and instead a wt-like 7.8-kb B fragment appears (lane 6). The same 7.8-kb HindIII B fragment is visible after release of the vector backbone by PacI cleavage, lending further support to the idea of B19a being a BAC containing the wild-type Ad19a genome (Fig. 3C, lanes 5 to 7) . Finally, transfection of PacI-cleaved B19a DNA into 293 cells yielded viable virus (Ad19aB) whose HindIII restriction pattern was indistinguishable from that obtained for wt Ad19a DNA. Moreover, when tested, all biological features of this BAC-derived Ad19aB were identical to those of the original Ad19a strain (see Fig. 6A and B) .
Tn-assisted mutagenesis of the Ad19a BAC (exposon mutagenesis). The data presented above indicate that the Tn7 ends can be used successfully as a cleavage-determining cis element and the Tn7 transposase-derived TnsABC* as a cleaving enzyme for in vitro DNA manipulation. Accordingly, it should be possible to utilize this system for the introduction of any mutant sequence flanking the Tns into any site of a recombinant DNA. Subsequent Tn excision by TnsABC* followed by DNA ligation should only leave the intended mutation in the Ad genome without retaining any unwanted operational sequence. Thus, precise and traceless introduction of mutations into Ad genomes should be possible. To test this idea, we introduced a mutation into the subgenus D-specific ORF E3/49K. This ORF codes for a highly glycosylated transmembrane protein that can be detected in the Golgi, early endosomes, and plasma membrane (8, 18, 70) . On the basis of the location of the 49K gene in the E3 region and the prediction that at least one of the domains has an immunoglobulin-like fold we speculate that it might subvert the host immune system. However, to date its function remains unknown.
With the aim of eliminating 49K expression, 4 bp (TAAG) were inserted after the 11th codon (see Fig. S1 and Table S1 in the supplemental material), thereby generating a stop codon and a 1-base frame shift into the 49K ORF. First, a linear recombination fragment was produced by PCR using the Tn as a template (Fig. 4A) . The upstream homology arm followed by the 5-base insertion (including the four additional bases plus the first base of the downstream homology) and the 22-base priming site specific to the left end of the Tn was incorporated into the forward primer. The reverse primer consists of the priming site on the Tn (30 bp) followed by the 2-base insertion and the downstream homology. The 2-bp insertion, together with the first base of the downstream homology, serves as a downstream copy of the 3-bp target duplication (Fig. 4A) . The particular bases were chosen to provide a new HindIII site if the mutation was successful. ET recombination proficientcompetent bacteria carrying B19a were transformed by this PCR product, and recombinants were plated out in the presence of Kn. Correct recombination is predicted to yield HindIII fragments of 4.4 kb, 4.2 kb, and 0.8 kb instead of the original 7.8-kb HindIII B fragment. These are generated by the HindIII sites flanking the E3 region, the one in the Tn and the one at the right end of the Tn newly created by the mutation. Indeed, recombinants with the expected restriction pattern (Fig. 4B,  lanes 1 and 2) were isolated and the respective mutations were confirmed by sequencing (B19a49K*T).
Subsequent treatment in vitro with TnsABC* and T4 DNA ligase should eliminate the Tn and yield B19a49K* containing the intended 4-bp insertion that creates a new HindIII site at the site of the mutation and therefore predicts 3.5-kb and 4.2-kb HindIII fragments. This pattern was confirmed by the restriction cut (Fig. 4B, lane 3) . In addition, correct construction of both the Tn-containing intermediate B19a49K*T and the B19a49K* has been verified by DNA sequencing (see Fig.  S1 in the supplemental material). On transfection of PacIlinearized B19a49K* DNA into 293 cells the mutant virus Ad19a49K* was successfully reconstituted, as shown by the presence of the same fragments in the viral DNA as in the B19a49K* DNA (Fig. 4B; compare lane 3 and 5) . FACS analysis of A549 cells infected with the mutant virus Ad19a49K* (see Fig. 6 ) corroborated the selective loss of 49K expression, while all other E3 functions tested remained intact. The selective elimination of 49K expression was also confirmed by Western blotting (data not shown).
To assess the effect of the additional selection step on Tn-containing BACs, both normal DH10B cells and I-SceIexpressing DH10B cells were transformed with the reaction mixture and grown on Cm plates. Resulting colonies were analyzed by replica plating on Kn plates and by PCR using 49K-specific primers. The results show that the transposasemediated cleavage was very efficient (see Table S2 in the supplemental material). More than 95% of the input DNA was cleaved, resulting in a dramatic reduction of Kn-resistant colony numbers after transformation of the TnsABC*-treated B19a49K*T compared to the results seen with untreated BAC.
Of these colonies, 54% become Kn sensitive, and most of the Kn-sensitive clones carried the correct mutation, as analyzed by PCR (data not shown). Upon transformation of I-SceIexpressing bacteria with TnsABC*-T4 ligase-treated BAC DNA, 100% of the resulting colonies carried the correct genetic changes. I-CeuI treatment in vitro after ligation resulted in 96% efficiency but drastically reduced numbers of colonies (5.3%).
By modifying the above-described method it should be possible to introduce precise deletions into Ad BAC clones. In this case, the primers are designed such that the Tn element is flanked by 3-bp direct repeats (123 in Fig. 5 ) and the desired homologous sequences required for ET recombination. In the first step, the resulting PCR fragment is introduced into the BAC by ET recombination, replacing the region to be deleted. Subsequent transposase cleavage and ligation mediated by the 3-bp overhangs should allow the precise deletion of genes or nucleotides (Fig. 5A, process 1) . This strategy was applied to delete the entire E3 coding region of Ad19a (4.5 kb), beginning with the start codon of the 12.1 ORF and extending to the last E3 ORF, 14.7K at the 3Ј end ( Fig. 2A) . The observed HindIII restriction pattern of the DNA is consistent with the successful generation of intermediates and end products. The wt 7.8-kb fragment in B19a is replaced by a 3.2-kb fragment (and smaller fragments) in B19aE3T and by 2.1-kb and 1.0-kb (not visible) fragments in the B19a⌬E3 end product (Fig. 5B, lanes 1 to 3) . This same 2.1-kb fragment is visualized in HindIII-digested DNA of the reconstituted Ad19a⌬E3 virus that otherwise exhibits a pattern identical to that seen with the wt except that the 7.8-kb HindIII B fragment is lost. Further analysis shows
FIG. 4. Exposon mutagenesis. (A)
Schematic drawing indicating the steps involved in "exposon mutagenesis." As an example, a 4-bp insertion (TAAG) into the E3/49K gene is shown which was aimed at abrogating 49K expression by insertion of a stop codon and introduction of a reading frame shift. Simultaneously, a new HindIII site is introduced to conveniently monitor the success of the mutation. PCR was performed using a Tn template and ET primers 49KKOfor and 49KKOrev specific for the Tn ends (open arrows) and containing additional 40-base arms homologous to the upstream (black boxes) and downstream (gray boxes) viral target sequences (see Fig. S1 and Table S1 in the supplemental material for the exact sequences). In between these elements, the 5-base target repeat sequence (capital letters) is shown. For the upstream (left) primer this sequence includes the 4-base mutation (TAAG) and the first base (C) of the downstream homology (underlined gray capital letters). In the right primer, the complementary bases for the last two bases of the mutation were repeated (TC3AG), followed by the first three bases of the downstream homology arm (GAA). After ET recombination (ET) with wt B19a (the Ad19a BAC construct), Tn-containing recombinants (B19a49K*T) were selected based on kanamycin resistance. Treatment of the purified B19a49K*T BAC with TnsABC* yields compatible 5Ј overhangs in the BAC backbone that can be recircularized by ligation. The resulting mutant B19a49K* contains only the designed 4-bp insertion and no operational sequences. HindIII sites (H) and the sizes (in kilobases) of the generated HindIII fragments are given. that Ad19a⌬E3 is viable and does not express any of the E3 functions tested (Fig. 6) . Tn-assisted gene insertion. The flexible design of Tn entry fragments also allows the insertion of larger DNA fragments or genes. The first steps are identical to those in the procedure described above, but during the ligation step the gene to be inserted is added. A prerequisite for successful insertion is that the gene contains sticky ends compatible with those created by transposase. This can easily be achieved by PCR using primer pairs with recognition sequences for restriction endonucleases that generate overhangs compatible with those of transposase, e.g., SapI. The TnsABC*-cleaved target BAC and the insert with compatible ends are ligated, and after I-SceI selection, mutants lacking the Tn are greatly enriched. This is illustrated here with two examples. In the first, we introduced an E3/49K expression cassette from pSG5-E3/49K in which E3/49K expression is under the control of the SV40 promoter (70) . The entire 49K expression cassette of pSG5-E3/49K was amplified using primers that introduce two SapI cleavage sites at each end of the amplicon. Cleavage by SapI generates the desired 3-base overhangs compatible for insertion into the TnsABC*-treated B19aE3T (Fig. 5A, process 2) . The resulting BAC clones were tested as described above. As shown in Fig. 5B , replacement of the Tn in B19aE3T by the 49K expression cassette (2.3 kb) eliminates two HindIII sites, resulting in a BAC clone with the 49K insert in a left-to-right orientation on a 5.3-kb fragment (lane 4; B19a⌬E3ϩ49K). The same characteristic 5.3-kb fragment is detected after cleavage of DNA from the corresponding, reconstituted recombinant Ad (Ad19a⌬ E3ϩ49K), demonstrating that the inserted gene is stable after several rounds of virus replication ( Fig. 5B ; compare lane 4 with lane 7).
Functional analysis of Ad19a mutants generated by exposon mutagenesis. To assess the success and specificity of the introduced genetic alterations, we analyzed the phenotypes of the various Ad19a mutant viruses generated with the procedure described above. As the E3 region exhibits very complex splic- 7 with lanes 1, 3, and 4 ).
ing and previous mutations resulted in unintended secondary effects (19) , it is crucial to analyze specific E3 functions in E3 mutant Ads. Ads remove several apoptosis receptors, including Fas (CD95), from the cell surface of infected cells to protect them from premature apoptosis (20, 41, 65, 71) . Down-regulation of Fas from the cell surface requires the E3/10.4-14.5K proteins, also called RID (20, 65 ; for a review, see references 10 and 41). We have investigated the capacity of BAC-derived wt and mutant Ad19a to down-regulate CD95 (Fas) by FACS analysis (Fig. 6A) . In wt Ad19a such as the plaque-purified Ad19aT3, the RID genes are expressed and, consequently, Fas cell surface levels are reduced to ϳ20% compared to mockinfected cells (100%). A similar down-regulation is observed in cells infected with BAC-derived wt Ad19a (Ad19aB) or the Ad19a49K* mutant, in which expression of E3/49K (an E3 gene in the close vicinity of the RID genes) is specifically eliminated upon insertion of the 4-bp mutation (Fig. 4) . This demonstrates that the intended elimination of E3/49K (70) expression did not affect the function of E3/RID and thus appears to be specific. By contrast, Ad19a viruses lacking all E3 genes (Ad19a⌬ E3) or all but E3/49K (Ad19a⌬E3ϩ49K) are unable to modulate Fas from the cell surface, confirming for the first time that species D RID exhibits a functional activity similar to that seen with species C.
The generation of a 49K-specific MAb (M. Windheim., E. Kremmer, and H.-G. Burgert,, unpublished data) allowed us also to directly monitor the expression of 49K in wt and mutant Ad19a viruses, as measured by FACS analysis. A549 cells infected with plaque-purified wt Ad19a and BAC-derived wt Ad19a (Ad19aB) as well as mutant Ad19a solely expressing 49K in the E3 region (Ad19a⌬E3ϩ49K) synthesize 49K, whereas those infected with mutant viruses selectively lacking 49K expression (Ad19a49K*) or lacking E3 genes altogether (Ad19a⌬E3) exhibit only background staining (Fig. 6B) .
The above-described technology should also prove extremely useful for rapid exploration of the vector potential of various Ad serotypes for which only limited sequence data are available, as was the case with Ad19a. The genome could be cloned into BAC vectors by utilizing the ITR homologies, as demonstrated for Ad19a. To this end, we have generated an Ad19a vector expressing enhanced GFP. In analogy to the deletion of E3 (Fig. 5A) , we have deleted the E1 region of Ad19a by introducing the Tn in this region by using B19a⌬E3 as a target. In a second step, the Tn was replaced by an expression cassette encoding GFP under the control of the CMV immediate-early promoter and the SV40 enhancer (see Materials and Methods). A recombinant E1-negative Ad19a mutant virus expressing GFP, Ad19a⌬E1GFP⌬E3 (referred to here as Ad19aGFP), was viable in 293 cells, stably expressing Ad5 E1 genes. Interestingly, the Ad19a-derived GFP vector exhibited a transduction pattern remarkably different from that seen with the commonly used Ad5-derived gene therapy vector (Fig. 6C ). This was revealed when different lymphoid cell lines were infected with Ad19aGFP or the corresponding Ad5GFP vector. At 36 h pi the fraction of GFP-expressing cells was quantitatively determined by FACS analysis. In contrast to the standard Ad5 vector (Fig. 6C) , the Ad19a-derived vector efficiently transduced all lymphoid cell lines tested (Jurkat; T2; LCL) and C1R, Bristol8 (data not shown). Upon Ad19a transduction, 90% of Jurkat, 65% of T2, and 70% of LCL cells expressed GFP, whereas only 15%, 7%, and 2%, respectively, of the cells exhibited GFP expression after transduction with Ad5GFP. Correct titration of the vectors was confirmed by the equivalent susceptibility of 293 cells, which were used for titration of both types of vectors. Thus, Ad19aGFP seems to be superior to the Ad5GFP vector for transduction of lymphoid cells.
DISCUSSION
Although some species D Ads appear to have unique cell tropism and receptor usage characteristics and the entire sequence of one serotype (Ad17) from this species has been known for several years, no detailed description of a species D vector has been reported yet (58) . We think that this might be due to the instability of their genome in E. coli. In our hands, attempts to maintain even a subgenomic fragment containing the Ad19a E3 region as standard high-and low-copy-number vectors in E. coli failed (data not shown). Since a number of unstable viral and cellular genomes have been successfully cloned as BACs in E. coli (9), we applied the BAC technology to construct and manipulate the Ad19a genome. We used homologous recombination, mediated by lambda phage red alpha, beta, and gam (ET recombination), to insert full-length Ad19a genomic DNA into a BAC vector that carries only the Ad19a ITRs. Although previous data showed that ET recombination is inefficient when repeat regions are targeted (75) , we demonstrated in this study that a reasonable efficiency can be achieved by inserting a selectable Tn into the Ad genome in vitro prior to recombination. In contrast to the published recombinatorial construction of recombinant Ads (13), subcloning of large homology regions is not required for ITR-mediated ET cloning. Consequently, very small amounts of sequence information suffice to initiate cloning projects; hence, less-well-characterized serotypes and strains become amenable to genetic studies. Moreover, since small amounts of viral DNA are sufficient and even preparations from infected cells are suitable for Tn labeling, clinical isolates could be conserved by the presented approach without extensive tissue culture passage prior to cloning. After establishment of infectious Ad19a clones another round of ET recombination was applied to completely remove the cloning marker from the Ad19a-BAC. The resulting wt Ad19a genome was maintained in E. coli without any detectable changes, and the resulting reconstituted viruses obtained by transfection of 293 cells exhibited wt properties (Fig. 2, 3 and 6) .
We also describe a novel, versatile method combining ET recombination and transposase manipulation to mutate BACcloned Ad genomes. This method is independent of restriction sites and leaves no operational sequences behind, thereby allowing traceless introduction of any genetic change into Ad genomes. In the first step, the genetic changes are introduced by ET recombination in the context of a Tn carrying a positive selection marker. In the second step, the Tn sequences are entirely removed by a transposase reaction in vitro. We coined this method "exposon mutagenesis" to emphasize the utilization of the transposase reaction for excision of the Tn-embedded operational sequences. Two-step recombinatorial mutagenesis methods have been previously described for manipulating mammalian genomic BACs (46, 74) . In these approaches, the genetic changes are introduced along with a positive and a negative selection marker. The positive selection marker is first used to identify the intermediate recombinants, which is followed by a second round of recombination and negative selection to gain markerless mutants. However, viral BACs are particularly challenging objects for recombinatorial mutagenesis because the presence of repetitive sequences can be deleterious, especially when counter-selection is applied (69) . Alternatively, the second step might be carried out without counterselection, but in this case extensive library screening is required to identify the right mutant in the nonselected pool.
Another disadvantage of most traceless recombinatorial mutagenesis approaches is that the manipulated genomes are exposed twice to an active recombination system, therefore doubling the risk of unwanted genetic events. By contrast, in our method one recombination event is sufficient to introduce the intended genetic change along with a marker that allows positive selection to preserve the genetic arrangement. In the second step, the marker is removed by in vitro treatment of the intermediate BAC with Tn7 transposase and T4 ligase, thus eliminating the need for a second recombination step. TnsABC*-mediated transposon removal is very efficient, and a potential background can easily be subtracted by simple replica plating to detect the loss of the Tn resistance marker. An additional advantage is that the same intermediate BAC can be used for the rapid generation of a large number of mutants in the same region or for the insertion of different transgenes at a predefined site. Therefore, exposon mutagenesis serves as a fast and simpler alternative to shuttle plasmid mutagenesis (43) and other techniques described so far. This is demonstrated here by the generation of several mutants in the Ad19a E3 region, the deletion of the entire E3 region, and the reinsertion of a single E3 gene, E3/49K, or its selective inactivation ( Fig. 5 and 6 ). Thus, exposon mutagenesis is extremely useful for precise mutagenesis of E3 genes of Ad19a and for mutagenesis of Ad genomes in general. The latter was confirmed by successfully applying the technique for manipulation of the genomes of Ad2 and Ad5, both Ads of species C.
We have introduced point mutations and deletions in the E3/10.4K, E3/14.5K, E1B/19K, and E1B/55K genes (S. Obermeier, Z. Ruzsics, A. Hilgendorf, and H.-G. Burgert, data not shown) or have replaced the E1 region with a GFP expression cassette. Complex splicing is a hallmark of Ad transcription units, and deletion mutants often turned out to exhibit unintended secondary effects, e.g., affecting splicing of other E3 genes. Therefore, a method for introduction of precise and subtle changes is highly desirable. Principally, any Ad mutant can be generated by this method as long as the corresponding complementation is provided. Thus, exposon mutagenesis appears to be generally applicable and particularly useful for the functional analysis of genes, e.g., those involved in the EKC phenotype of species D Ads. Using the above-described methodology, we have also generated a new basic Ad19a vector expressing GFP. This replication-deficient vector exhibits significantly higher transduction efficiency for human lymphoid cells (Fig. 6C) and primary human muscle cells (64) compared to conventional Ad5 vectors. This superior property appears to be due to two effects: (i) a higher uptake of Ad19a versus Ad5 particles (64) and (ii) enhanced expression of the GFP transgene. The latter effect can be demonstrated in those cell types (melanoma cells, breast cancer cells, etc.) in which the fractions of cells transduced by Ad5 and Ad19a vectors were similar or identical and yet GFP expression was three-to sixfold higher in Ad19a-transduced cells (data not shown). At present, the reasons for this increased transgene expression remain unclear. We speculate that the potency of either the E1 enhancers or other cis elements in the vicinity of the inserted transgene cassette may differ between the two Ad species. Alternatively, functions in trans that might act in a tissue-or cell type-specific manner may stimulate GFP expression in Ad19a vectors. This notion is supported by earlier data for Ad5 vectors indicating that E4 products can influence transgene expression (38) . Whatever the underlying cause, the experiments point to unexpected differences between species C and D Ads. Exploitation of these differences may turn out to be advantageous for gene therapy or vaccination. For example, lower amounts of Ad19a vector might suffice to express similar levels of transgenes; hence, vector-mediated toxicity is likely to be reduced.
In contrast to the recently developed species B-based Ad vectors (24, 28, 53, 61, 62, 66) , which propagate very poorly in 293 cells and typically require specific trans-complementing cell lines expressing at least the serotype-specific E1B/55K protein for preparation of high-titer E1-deleted vectors, the E1-and E3-deleted Ad19a-based vector can be propagated with essentially wt-like productivity in 293 cells. It has been shown that both the transactivation ability of the E1A gene products and the antiapoptotic activities of the E1B region are well conserved among human Ads (52) . One possible explanation for the species-specific complementation is that other viral functions associated with E1 (and E4), such as late mRNA export, may be substantially different in species B compared to C and D. Alternatively, the relevant E1 function might be encoded by another gene locus in species D and, therefore, complementation might only be necessary for the conserved E1 functions. In any case, since propagation of the first-generation recombinant Ad19aGFP shown here can be performed by the same methods that are in use for Ad5-based vectors, establishment of new protocols is not required.
The recombinant Ad19aGFP vector transduced all human cell lines tested (this study) as well as primary muscle cells (64) and fibroblasts in vitro with high efficiency. This is consistent with the observation that EKC-associated Ads may use ␣(2-3) sialic acid-containing receptors present on the surface of most cell types (2, 3) . In support of this notion, sialidase treatment of human myoblasts dramatically reduced transduction by Ad19aGFP but not that of Ad5GFP (64) . However, further experiments are necessary to investigate the role of other receptor entities proposed for EKC-associated Ads (72) . Taking these results together with our DC data (our DCs did not express CAR; data not shown), it is clear that in contrast to subgenus C Ads, Ad19a does not require CAR for infection. Thus, Ad19a, and possibly other Ads of species D, might be a valuable alternative to Ad5-based vectors that exhibit a limited targeting spectrum in different gene transfer applications (30, 32, 63) . In particular, their ability to efficiently transduce DCs makes Ad19a vectors highly attractive for vaccination and immunotherapy. Further in vitro and in vivo experiments will be necessary to examine whether the increased efficacy of DC gene transfer also translates into a higher capacity of transduced DCs to stimulate a corresponding T-cell response. Our data obtained with lymphoid cell lines originating from B and T cells (Fig. 6 and data not shown) suggest that the increased transduction by Ad19aGFP compared to a corresponding Ad5 vector may extend to leukocytes in general (Fig. 6) . Therefore, it is anticipated that vectors based on Ad19a should also be useful for cytotoxic therapy of leukemias and other lymphoid tumors.
